Carbon Capture and Storage (CCS) is recognised as one of the most effective technologies for reducing CO 2 emissions in the short to medium term. From a capacity point of view, deep saline aquifers offer the greatest potential. As supercritical CO 2 is injected in the aquifer, a variety of strongly coupled physical and chemical processes occur. Among these various mechanisms, vaporisation of water requires particular attention as it can cause salt precipitation, which reduces the porosity and the permeability of the reservoir in the vicinity of the wellbore. This can lead to significant reduction in injectivity. Research described in this paper aims to provide a relationship between porosity changes and resulting permeability variations representing the effect of salt precipitation due to vaporisation. Supercritical CO 2 core flooding experiments were conducted on a St. Bees sandstone core with fully saturated saline water obtaining several levels of alteration due to halite scaling. Porosity reduction ranged from around 4 to 29 % of the initial value. Permeability impairments ranged from 30 to 86%. Results were used to calibrate a Verma-Pruess "tube-in-series" model which can be used to obtain more accurate results from numerical simulations.
Introduction
Injectivity is an important technical and economical issue for CO 2 geological storage projects, since very large volumes of CO 2 must be stored. For more than 20 years, water vaporisation has been reported as the main reason of permeability impairments around several gas producing wells; especially in high pressure, high temperature reservoirs which are characterised by very high salinity brines [1, 2, 3, 4, 5] . A similar problem is documented for the injection of dry natural gas in saline aquifers during gas storage operations [6] . Precipitation of salts, mainly consisting of halite (NaCl), due to water vaporisation can be a serious source of injectivity impairment around injection wells where dry CO 2 is injected in saline aquifers. This can lead to reductions in porosity and permeability of the reservoir in the vicinity of the wellbore, which can significantly affect injectivity.
With regard to CO 2 storage, numerical modelling have recently highlighted the potential of significant well injectivity losses due to halite precipitation in saline formations [6, 7, 8, 9, 10, 11] . Depending mainly on the initial liquid saturation, salt precipitation around injection wellbores has different impacts: when the brine has a low mobility, the evaporation front moves with limited halite scaling and effects well injectivity only slightly. On the other hand, when the brine has sufficient mobility, the precipitation front is continuously recharged by the brine flowing to the well due to the capillary pressure gradient driven by the evaporation. In this case the concentrated precipitation can significantly decrease the formation permeability. Some of these studies suggest that a high CO 2 injection rate should permit the injection process to continue with limited impact on injectivity, even if significant halite precipitation takes place [6] .
Currently, there are a number of numerical simulators which couple reservoir chemistry with transport, enabling the assessment of the dry-out process occurring during CO 2 injection and estimate changes taking place in the pore space due to salt precipitation. However, these codes all have one limitation in common: they cannot accurately predict the impact of halite precipitation on field operations as the relationship between changes in porosity and the resulting change in permeability has not yet been defined accurately [7] . In fact, only a small number of experiments have so far been carried out to characterise halite precipitation during gas injection [12, 13, 14] .
First two studies were conducted to evaluate the rate of water vaporisation and the consequent permeability reduction caused by the flow of dry gas through porous media [12, 13] . Experiments involved the injection of methane into unconsolidated sandpacks and consolidated sandstone cores saturated with various salinity brines ranging from 0 to 150 g/l of NaCl under different pressure/temperature conditions. The reduction in permeability in different sets of experiments ranged from 0% for sandpacks saturated with brine with the lowest salinity to 53% for consolidated cores saturated with brine with the highest salinity. These laboratory studies confirmed the possibility of reduction in permeability due to water vaporisation. However, these results cannot be directly applied to CO 2 injection scenarios since the thermodynamic and flow properties, such as density, viscosity, heat capacity, interfacial tension and reactivity of CO 2 are considerably different than that of methane, which may play a significant role in the vaporisation process. A more recent study [14] involved supercritical CO 2 core flooding experiments on 25% NaCl brine saturated sandstone cores. Effective permeability to gas measured at the end of the experiment was found to be approximately half of that expected at similar water saturation for a core without CO 2 exposure.
Most of the permeability models available in the literature are not directly applicable to the vaporisation process since precipitation of different minerals may affect permeability in different ways. In fact, some minerals grow preferentially in pore throats (clays), while others are commonly found in large pores (calcite). Consequently, depending on the reservoir chemistry and pore structure, the change in permeability due to halite precipitation may be significantly different that measured for the precipitation of other minerals. Therefore, and in order to obtain meaningful results from numerical simulations, a series of laboratory precipitation experiments are required [8] .
Research described in this paper aims to improve the understanding of injectivity losses due to vaporisation and salt precipitation during the injection of CO 2 in saline aquifers by designing and conducting a new experimental methodology with a view to establishing a relationship between porosity changes and resulting permeability variations. The experiments involve core flooding with continuous flow of dry gas through a sandstone core saturated with saline water. The difference between the work reported here and previous research reported in the literature is that brine injection and CO 2 flooding tests were repeated a number of times over on the same sandstone core in order to obtain several levels of porosity and permeability alteration. Figure 1 illustrates a simplified diagram representing the high pressure core flooding setup employed for the vaporisation experiments. The flow cell, where the rock sample is confined at around 12 MPa, can accommodate samples of length from 150 mm up to 500 mm, a maximum confining pressure of 20 MPa and a maximum temperature of 150°C. The core sample is placed inside a rubber sleeve, which transfers the total confining pressure onto the cylindrical rock sample. As indicated by previous studies, supercritical CO 2 can diffuse through the rubber sleeve causing the rubber to swell and compromise the integrity of the sleeve. In order to prevent this, the core sample was wrapped with aluminium foil and a 0.2 mm lead foil respectively. Reservoir conditions were simulated maintaining the temperature in the pressure cell at ~45°C. Temperature was controlled using three thermocouples which were used to measure temperatures at the inlet of the flow cell and above and below the core inside the pressure cell. Sieperm plates with a porosity of 33% and a permeability of about 1 Darcy were fixed at both ends of the core in order to avoid mechanical end effects and poor flow distribution. Following the direction of fluid flow, the high pressure rig consists of the following peripheral devices:
Experimental apparatus and procedure
1. A booster pump connected to the CO 2 cylinder. The booster pump is used to supply CO 2 at the desired pressure of 80 bars. 2. A double ISCO TM plunger pump which provides a continuous flow of CO 2 through the core sample. The pump was also used to saturate the core with brine and to measure its permeability before and after the vaporisation tests. CO 2 was heated to a temperature of ~45 o C inside the pumps and through the pipes connecting it to the flow cell in order to perform the injection into the core at supercritical conditions. 3. Two pressure transducers (marked as P) and a differential pressure gauge (marked as ¨P) were used to monitor the pressure drop across the core during the vaporisation tests and for the calculation of the Darcy permeability afterwards. 4. A back pressure valve controlled the flow out at the production end. The back pressure valve was heated to a temperature of around 25°C to contrast the Joule Thompson cooling effect that CO 2 experiences when it is decompressed from the pressure of 80 bars in the flow cell to atmospheric pressure. 5. A liquid trap and a vapour trap were placed in sequence downstream the back pressure valve to respectively capture and quantify the liquid brine displaced and the water vapour present in the flowing gas due to evaporation. 6. An AcatarisTM water clock flowmeter was used at the end of the line to measure the CO 2 leaving the system. This analog flowmeter has an accuracy of 0.1 ml/h. 7. Operation panel, data-acquisition system and safety devices which were installed in the control room.
A specific procedure was used to subject the sample to several levels of porosity/permeability alteration and obtain a good characterisation of the sample before and after each alteration-step. Each alteration step is performed in three stages: a) saturation with fully saturated NaCl brine (around 26.4% by weight); b) water vaporisation through dry supercritical CO 2 flooding; c) post flood permeability and porosity measurements.
The experiments were performed using a St. Bees sandstone core taken from the Birkhams Quarry in the UK. The distinctive close bedding and fine grain size makes this stone particularly resistant to physical weathering. This characteristic was essential since the sample needed to be subjected to several consecutive tests without losing its physical integrity. XRD analysis has shown prevalence of quartz (90%), clay and Muscovite minerals in the sample. The core sample used was 152 mm in length and 68 mm in diameter. Initial rock porosity was 22.59% which gives a pore volume (PV) of around 124 cm3. Initial permeability was 7.78 mD, measured using CO 2 with the steady state method at the same thermodynamic conditions used afterwards for the vaporisation experiments (45 o C, 80 bars). Core saturation was performed after subjecting the dry core to 24 hours of vacuum to ensure that no air remains trapped inside the core during saturation with brine. Following the core saturation, the experiments were conducted by continuously injecting supercritical CO 2 at a constant flow rate of around 25 cm 3 /min until either the weight of the vapour trap remained constant or slightly decreased for two consecutive measurements. In all the experiments, more than 300 pore volumes (PV) of CO 2 were injected to dry the core. The brine captured in the water trap was analysed using the Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) technique to evaluate and quantify the rock/fluid interactions taking place. The ICP-AES analysis used allows simultaneous multi-element analysis guaranteeing detection limits less than 0.01 mg/l for most of the elements with a method accuracy and precision better than 3%. A detailed petrophysical characterisation of the core was carried after the flooding test in order to quantify the impact of salt precipitation on its petrophysical properties. Changes from the initial porosity value were assessed by attributing the increase of weight of the core to precipitation of salt and verified through chemical analysis. Permeability was always measured using CO 2 with the steady state method at the same thermodynamic conditions of the vaporisation tests (45 o C, 80 bars). In order to obtain different levels of porosity and permeability changes, which would yield a relationship between the porosity reductions due to precipitation of salt and the corresponding changes in permeability, the sample was subjected to 4 consecutive cycles of NaCl brine saturation and dry CO 2 flooding. It is important to note that, brine fully saturated with NaCl was specifically chosen for the saturation steps in order to avoid dissolution of the salt precipitated during the previous drying steps. Figure 2 presents the typical production curves obtained in this study. This particular set represents the second vaporisation test. In the graph the x-axis represents the drying time and the y-axis represents the amount of brine collected in the water trap, the vapour trapped and the total production. Most of the brine is produced during the first pore volume injected. Vapour is produced quickly at the beginning and, as the injection continues, the vapour production rate falls down. It is important to note that, although the injection of CO 2 was interrupted when no more vapour was collected into the vapour trap, the core was found to contain a relatively large amount of water after the flooding experiments. The remaining water in the core can be attributed to the large viscosity contrast between supercritical CO 2 and brine, which results in a poor displacement efficiency. In order to ensure petrophysical measurements at the same dry conditions at all the alteration levels, the core was completely dried in an oven before measuring permeability and porosity. The vaporisation process initiated halite scaling in the porous media causing porosity and permeability reductions. Figure 3 presents images of the St. Bees core after the first and last vaporisation tests respectively. Heavy halite scaling could be seen on the faces of the core after the first vaporisation test. Continuous increase of salt precipitation was observed after each flooding experiment. As Figure 3 illustrates, the face of the core was completely covered with salt after the last vaporisation step. During the experiments, salt crystals were also observed inside the pipes and on the Sieperm plates at both ends of the core. Table 1 presents the results of the ICP-AES analysis of the brines produced during the experiments. The samples were diluted 10, 100, 1000 and 2000 times in 0.5 M nitric acid. The concentrations of the 19 elements analysed were not corrected for a 
Results and discussion

Total production
Vapour production Brine production possible salt effect of the sodium chloride. The major element found in the water samples was Na associated with the dissolved NaCl during the preparation of the brines. The other elements found in the samples were due to dissolution of minerals caused by the increase of acidity when the injected CO 2 dissolves into the brine forming carbonic acid. These were in relatively small quantities, therefore, no change in porosity or permeability is attributed to geochemical reactions. Apart from Na, Ca and K are the elements present in larger concentrations. These can be attributed to dissolution of some carbonate material present in the sandstone rock. In fact, carbonates are commonly present in sandstones, usually as pore filling and replacement cements consolidating the grains of sand.
Figures 4 and 5 display respectively the changes in porosity and permeability caused by precipitation of salt during the experiments. Porosity decreased 1-2 percentage points in each vaporisation step, from the initial value of 22.59 % to 16.02 % after the last vaporisation test. Each change in porosity was accompanied by impairment in permeability which ranged from 18 to 60 %. Overall, the permeability reduction was around 86% of the initial value, from 7.78 mD to 1.07 mD. Table 2 summarises the measurements of porosity and permeability. The porosity and permeability values measured after each vaporisation test can be used to establish a relationship between these properties due to the effect of salt precipitation. In this study, the experimental data was used to calibrate a "tube-in-series" model formulated by Verma and Pruess [15] . This model is used in TOUGH2/ECO2N in the form: where ĳ r is the fraction of original porosity at which permeability is reduced to zero and ī is an adjustable parameter. The results are presented in Figure 6 . Here, the x-axis is the relative change in porosity (ĭ/ĭ 0 ) and the y-axis is the relative change in permeability (k/k 0 ). The diamonds represent the experimental data and the Verma-Pruess curve, which best fits the experimental data, is also shown. The calibrated model can be used to obtain more accurate results from numerical modelling. Figure 6 . The relationship between permeability and porosity illustrating the effect of salt precipitation on permeability during CO 2 flooding.
Conclusions
This paper presented the results of supercritical CO 2 core flooding experiments carried out using a St. Bees core sample saturated with NaCl brine. Several levels of porosity and permeability alteration due to halite scaling were obtained on the core. The objective was to establish a relation between porosity and permeability changes describing the effect of salt precipitation. The results of the experiments have shown that small reduction in porosity can induce significant impairments in permeability. During the experiments, porosity decreased from the initial value of 22.59 % to 16.02 % after the fourth vaporisation test. Permeability decreased down to 86% of the original value, from 7.78 mD to 1.07 mD. Petrophysical data was used to calibrate a Verma-Pruess "tube-in-series" model for use in numerical simulations. Currently, research is investigating the effect of salt precipitation, as well as the influence of thermodynamic conditions and injection rates, on the reservoir characteristics of rocks with different petrophysical properties and mineralogy. 
